We propose a method for filtering convergent light beams with arbitrary polarization. For this purpose, a tandem of similar acousto-optic tunable filters was applied. Owing to the special mutual orientation of the cells, two coincident beams with ordinary and extraordinary polarizations were diffracted by the first crystal and the second crystal, respectively.
Acousto-optic tunable filters (AOTFs) are known as efficient instruments for spectral and spatial filtering of light [1, 2] . Tangential paratellurite-based devices provide low power consumption and a relatively high numerical aperture coupled with reliability and rapid tuning [3] . The phenomenon of anisotropic light diffraction by ultrasound in birefringent media is dependent on the polarization of incident light. This feature reduces optical transmission of the filters for arbitrarily polarized light. The possibility of acoustooptic imaging of unpolarized light was shown with the use of a special geometry of diffraction with simultaneous upshifted and downshifted light scattering [4] . The disadvantage of that method consisted of a decrease of angle aperture and a complicated optical imaging system. In this Letter, we examined a double AOTF system for processing unpolarized light with a wider angle aperture.
The operation principle of the system is based on independent filtering of two orthogonal polarizations of the optical beam by a tandem of similar acoustooptic cells [5, 6] . Each cell of the tandem controls one of the eigen polarizations of light in the crystal. Thus, the developed method of light processing is superior to simple acousto-optic imagers for polarized light because of the much simpler optical setup, but at the expense of double driving power. Other cascaded AOTF imagers described in the literature [7] [8] [9] still use subsequent diffraction of linearly polarized light; they aim at improving the passband and modifying the transfer function. In contrast, we developed a system that is insensitive to the polarization of incident light. This is the main advantage of the proposed technique, which can benefit most image processing applications with natural (unpolarized) light.
From the theoretical point of view, acousto-optic processing of images by tangential filters is possible due to a wide-angle aperture of diffraction with a noncritical phase-matching (NPM) geometry [3, 10] . A common image filtering system consists of an AOTF, relay optics, and polarizers at the input and output of the filter [1, 2] . In our case, the system is designed for processing unpolarized light, and the polarizers are not used. At the input optical facet of the first AOTF, the arbitrary polarized light beam is split into ordinary and extraordinary components due to birefringence of the crystal. The cell is adjusted to satisfy the NPM condition for one of the eigenmodes of the crystal. In the experiment, we implemented the case when the first cell diffracted the extraordinary component into the +1 order. The ordinarily polarized component does not satisfy the phase-matching condition and is not diffracted in the first AOTF. If the second crystal is inclined relative to the first one, it is possible to provide NPM for the ordinarily polarized wave in this cell. Meanwhile, the +1-order diffracted beam from the first AOTF passes the second crystal without scattering. The Feynman diagram of light and sound interaction in the system is shown in Fig. 1 . Index p enumerates the diffraction order. The circles corresponding to the beams in the system are empty for ordinary polarization ͑o͒, solid for extraordinary polarization ͑e͒, and hatched for arbitrary polarization ͑a͒.
It is evident that both crystals may be arbitrarily rotated around the optical axis of the system without violation of NPM condition. Wave-vector diagrams in Fig. 1 . Feynman diagram of diffraction in two AOTFs. Fig. 2 demonstrate the mutual orientation of the crystals with coincident directions of diffracted beams from the first and second cells. At the output of the second AOTF, ordinary and extraordinary components of the diffraction pattern propagate along the same direction with a parallax, while in the zeroth order the beams nearly coincide. As we studied filtering of images that is performed in the first order of diffraction, a shift of diffracted beams results in degradation of spatial resolution. The problem of compensation for this type of image deterioration (that is, additional to typical aberrations of AOTFs) will be discussed before we draw some conclusions.
An important item in the design of the system is the similarity of acousto-optic cells for two AOTFs. The basic parameters of the crystals that determine the characteristics of the filters are the cut angle and the length of the piezoelectric transducer. The crystal cut angle settles the frequency of NPM condition and the magnitude of the deflection angle at a fixed optical wavelength. The length of the piezotransducer determines the diffraction efficiency and the angle aperture. For similar cells, the ultrasonic frequency and the optimal driving power are equal. Thus, a driver of the cells may consist of a single sine-wave generator and a power splitter.
The feasibility of image processing in the described system was demonstrated with coherent light in the visible region of the spectrum. Such a choice was made for practical experimental considerations (availability of a visible light camera). The imaging concept can indeed be demonstrated with visible light, though the system would be more efficient for infrared imaging. The experimental setup consisted of a He-Ne laser, a beam expander, two similar acousto-optic cells, and an imaging lens assembly. Paratellurite-based AOTFs with 10°cut angle and spectral resolution of 45 cm −1 were designed for operation in the near-infrared region of the spectrum from 900 to 1700 nm. Hence, at the wavelength = 633 nm the cells provided only a few percent diffraction efficiency, while an efficiency over 98% was measured both at = 1150 nm and at = 1550 nm [11] . Nevertheless, red light was used to perform an easy visualization of the whole diffraction pattern. The filtered images were obtained with a good contrast and resolution. Angle aperture, i.e., a full-width half maximum of filter transmittance in the spatial domain, of the diffraction was equal to 3.4°in air at the crystal output that gives the numerical aperture 0.03. This magnitude of angle aperture corresponds well to the theoretical value 3.6° [10] . The linear aperture of the cells was equal to 6 mm, which restricted diffraction-limited resolution to a magnitude of 550 points per line. The imaging system was formed by a 50 mm lens assembly that projected the image of the test target onto a screen. The basic module of the imaging system is shown in Fig. 3 with the observed diffraction pattern. Three beams are observed at the output (from left to right): o-polarized +1 order from the first cell, e-polarized −1 order from the second cell, and undiffracted light.
A transparent film with a square pattern was used as a sample object. The size of an element was 0.8 mm, and the images were obtained with a magnification factor of 40. Diffracted images are presented in Fig. 4 at different operation regimes. The plot in the center was obtained for the regular operation regime of the system with two diffracted beams having orthogonal polarization. The images on the left and on the right illustrate the components of the diffracted beam separately. The increase in the brightness is evident for the image that is formed by both polarizations simultaneously. In the central picture, edge blurring occurs due the shift of images diffracted by the first and the second cells: at the output of the second AOTF, the diffracted beams of ordinary and extraordinary polarization are spatially separated. The magnitude of the shift depends on the length of the crystals and the distance between them. The spectral dependence of the shift is determined by the dispersion of refractive indices in paratellurite. For the experimental setup, the shift was equal to 4 mm. The magnitude of the shift remained constant, while the distance from the cells to the screen was varied.
To demonstrate degradation of the image due to the parallax of o and e components at the output, we performed imaging of a photolithography mask with high resolution. The results are presented in Fig. 5 , where the diffracted light is compared with the incident. In the figure, one can see that fine details of the Fig. 2 . Wave-vector diagrams. target are well resolved for both diffracted beams; however mutual displacement of the images results in duplication of image details.
One can also see that the field of view of the system is not the same for o-and e-polarized components of incident light. This imperfection of the experimental setup is due to partial overlapping of clear apertures of the cells. As a result, the output window of the second crystal stops some components of the diffracted beam from the first AOTF.
The developed system showed a good performance in image filtering, but for different fields of view, and the shift of diffracted beams. The first disadvantage was caused by a relatively narrow linear aperture of the crystals, because the AOTFs were not designed for imaging applications in visible light. This is not an intrinsic disadvantage of the developed system, and the problem can be solved by proper design of the cells.
The phenomenon of image parallax is peculiar to the tandem acousto-optic system, but since the diffracted beams from the first and the second AOTF are polarized orthogonally, an additional birefringent element can be used to solve the problem. Materials with strong optic anisotropy are preferred for this purpose. For example, calomel crystals ͑Hg 2 Cl 2 ͒ are known for their extremely high magnitude of birefringence [12] . The walk-off angle of extraordinary wave in this crystal reaches as much as 16.4°when the wave vector is tilted to the angle 53.2°from the optical axis. Thus, the plane-parallel plate for compensating the parallax of 4 mm should be 14 mm thick. Such a plate (unfortunately not at hand for experiments) would solve the parallax issue.
The presented results prove the possibility of image processing by means of the double-crystal system for filtering of unpolarized light. For the first time to our knowledge, an imaging AOTF system, was implemented that is simple in adjustment and in operation and is devoid of the traditional sensitivity to light polarization. Investigation showed that for obtaining a high quality of processed images it is necessary to provide compensation for birefringence in the first diffraction order. With this improvement, the system will be capable of full-performance spectral image filtering or spatial filtering of coherent light beams. 
